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REVERSE PRIMARY-SIDE FLOW IN STEAM GENERATORS
DURING NATURAL CIRCULATION COOLING"

ABSTRACT
A TRAC model of the Large Scale Test Facility with »

in the stesm-generator whes, and the tampersture drep frem
the hot lsg to the steam-generstor inlet plenun. TRAC slgo
predicted roverse flow in the long tubes.

At reduced primery mess inventoriess, TRAC pre-
dicted the thres natural-circulation flow regimes: singls phase.
two phess. snd reflun condensstion. TRAC did net predict

wamwym-mmmmuhmm.
INTRODUCTION

Ry (\STF).

2. w0 conduct sedurpte-affects tests weing the Twe-
Phase Fiow Tect Facity (TPTF), and

3. to dowaiep and verify on advenced computer cede.

¢ This werk wes funded iy the US Nustser Reguistery Com-
missien (NRC), Offies o Nysiear Rugulatery Resserch, Divi-
slon of Accident Evelustion.

The LSTF. shown schamatically in Fig. 1. i6 0 1/46 vohr
matrically scaled. full-height medel of 3 Wastinghouse s-loop
(3423 MW thermal power) PWR with an electrically heated
core (see Ref. 1). The facility hae two equel-volume primary
loops. each one simuleting the scaled volumes of twe PWR
loops including & steam generater (2G). Each 3G comtaine 143
full-size (19.6 mm ID) U-tubes heving nine different heights.
Figure 2 is » schametic of the LSTF $SG showing the dimen-
sions of the minimum- and mazimum-length tubes and o table
giving tha dimensions of alt 9 tube types. The secondary vol-
uma and hast-transfer sres in each SG are scaled ot 1/24 of
those in the reference PWR. The hot legs sre sized to con-
sarve the ratin of the length to the square root of the pipe
dismeter (L/v/D) of the reference PWR for the simulstion of

traneition in the primery loop.

in Decarnber 1988, two natural-circuletion tests were con-
ducted ot the ROSA-IV LSTF: ST-NC-01 st 5% of scaled
power ond ST-NC-02 st 2% of scaled power. Reference 2 de-
scribes the rosuits of test ST-NC-02. Natursl circuistion is

were conductad st Les Alemee National Laberatery (LANL)
nd n idohe National Enginesring Laboratery (INEL) as part
of the USNRC in the ROSA-IY pregram. Test
$T-NC-01 was anelyssd ot INEL (Ref. 3) ond test S8T-NC-™
wes analysed ot LANL. This paper Jiscusess the resuits of the
analysie of test $T-NC-02.
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Schematic view of the LSTF (Ref. 2).
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Fig. 2.
Schematic view of LSTF 84 (Ref. 2).

TRAC MODEL DESCRIPTION

The TRAC input model of the LSTF ls quite detalled ond
simulates the primery aystem nnd the SG system up to the
steam woives (see Fig. 3). Thn viasel consists of 18 aniel fev-
ols, 2 rediel sectors and 2 asimuthel sectors. Lovels 3 to 9
ond radiel sector 1 represeist the core. The $Ge ure modeled

with thres primary tubes. which represent the short. medium.
and long tubes (ses Table I). The tubas are interconnected
with PLENUM components. The grouping of the tubes it
roughly equal. the medium-length group containing the great-
est number of tubes. The firit and last cells of each tube typa
represent half of the plena but include all of the hest-transfer
surface area between the plena and the tubs shest. The sec-
ondary pressure is controlled by a constant-pressure BREAK
component in the main steam fine and tha secondary-side wa-
ter level is maintained by a FILL component and its associated
controller.

The remainder of each loop is modeled with two TEE
components to regresent the hot leg end VALVE. PUMP, and
TEE components to represent the zold legs. The pressur-
izer was not modeled explicitly but wes represented by » FiLL
component to simulate primary-system inventory changes be-
cause of changes in the pressurizer level cbeerved during the
test. The pressurizer hesters were not used during the exper-
iment. Although the walve in the pressurizer surge line was
closed for moet of the test {sfter the second drain), there was
8 gradus! decreass in the pressurizer level during mast of the
tronsient. This indicates that there was steam flows in the
spray line connecting the locp-A cold lag with the pressur-
izwr. Because thers wes not encugh geometric data svcilable
to mods! the spray kne components accurately. s BREAK com-
ponent was added to the cold-leg spray to simulate this flow.
This permitted the primary-system preasure to be controlled
to the primary-system pressure observed in the test.

TABLE |

COMPARISON OF THNE LSTF 8G WITH
TRAC 3-TUBE 8G MODEL
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The ROSA-IV Test Fecility SGs each have 141 U-tubes
with O different lengths. The first TRAC model of the fa-
clity utiired a single-tube SG model (see Fig. 4). For loas-
of-coolant accident (LOCA) tests. where the primary system
voids rapidly. the detalled flow behevior in the $G tubes is
not important to the short-term system behevior. and siinu-
lating the $G U-tubes by a single tube is adequete. For the
natural circulstion tasts. however. the flow behavior in the $G
tubes has 8 vy importent inflyence on system response. in

ond this behevior is sssumed te eccur in o tubes of o given
group (>40 tubes).

EXPERIMENTAL ORSEIRWATIONS

The tests were initieted frem o stesdy-state. ringle-phase,
forcad-circuintion mede at the neminal PWR epersting pres-
swre of 15.6 MPa. When the pumps ware turned off and the
isep flow rete decressed. netursl circuletion doveleped. Twe
interesting phenomena sccurred in the $Go: the fiuid tem-
persture in the leng tubes besame uniferm ond in equilibrium
vith the sesendery-eide nd the 50 inist planum tampersture
ves sppreximetely 4 K below the het-lag tempereture in test
IT-NC-02 (vee Fig. §).

The uniform tempersture in the long tubss imply either
stalied or revarse fow. Reverss flaw would sccount partisity for
the temperature drop betwesn the hot leg and the $G plenum,
Under nominel operating conditions. thare is less flow in the
long tubes because of the longer flow path. Becsuse of the
lower flow rete. the fiuid in the long tubes cools more rapidly
than in the shorter tubas. snd hot fluld penttrates only s short
distance into the long tubes. When the pumps stop. the fluid
in the long tubes rapidly ceels to the sscondury-side tempaer-
sture. Reverse flow is poseible because the outiet plenum
pressure is stightly higher then in the inlet plenum. This pres-
sure imbaian:e results because the cold Auid in the downflow
leg of the 3G tubes is hesvier then the hot fluid in the upflow
lag. Reverse flow in the long tubes would reduce this pressure
difference.

Reverss flow may heve eccurred because of the reducad
power lovel and slow pump spead prior to stepping the pumps.
M the ratural circulation conditions hed besn spproached in »
differcnt menner. the results mey have been differsnt. The
geomaetry of the hot-lag connection to the $G inlet plenum ls
such thet in conditiens of natursl circulstion the hot-lag fluid
is dimcsed towerd the conter of the plenum below the shor:-
ond medium-langth tubes.

A sirngie mass and energy balonce an the 3G inlst plenum,
magiecting woll hest tronsfer, indicetes that & reverse flow of
spprenimately 2.5 hg/s in the leng tubes is necesssry in order
to scesunt for the 4-K wempersture drep frem the het leg to the
$G plenum. Anether pessible ressen thet weuld scceunt for
port of this empersture drop is hest tronsfer in the 3G plenum
scress the plenum divider piste and scress the tubeshest into

the sesendery Ruld.
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Fg. 4. Fig. 6.
Single-tube 3G TRAC model. TRAC/deta comperison of primary-side temperasture distribu-

tion in SG A: 100% primery mase inventory.

® ) modes. significs 7t nonuniform flow distributions were cbserved
in the SG tubes

e When the prmary-side mess inventory wes initighly de-

H cressed, the lsop flow rats incressed because of voiding. which
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— results in core dryowt. AL o mess inventory of lese then 30%
' ST L LT the tops of the highest-pewer rede bega1 to hast up (Ref. 4)
. O A and the netursi-Circaistion test was tarmmeted st this time
— TRAC-DATA COMPARISONS
& - My MR @ B
gq--:-‘n
~s— To dutormine whether TRAC coule simuiete the natursl-
PRAM CDEREOR A OR B (T - NEEY) circulstion flow patiorns sesn in the ROSA-IV faclity 3Gs
rg. 8 the one-uimensionsl, single-tube primery-side 3G medel shown
Thres-tube $G TRAC medel in Fig. 4 wes replaced with a medel thet hee thres primery

Fig. 5). The TRAC calouistion wes initisted ioep flows

Circulstion mede tronsitions were chewrvad s the sat 4o asre e uniferm temperstyre distributions for the pri-
primovy-side mese invontory wes desrensad. The thres me- mary fuid in the 5G tubes. the leng-tubs temperature being
jor modes shearvad were singio-phass netursl eireuistion, Swe- ot ' the tampersture of the $6 ssesndary side. Notursh
phese netursl ircaivtion, snd raflus sondensstisn. In ol of circulstion flow sterted immediotely with ferwerd flow in the
thios ciroulation medes. and during the tronsition batwr.en shert snd madium-langth tubes end reverse Bow of approsi



initially, the three-tube SG did not account for heat trans-
fer across the plenum divider plate and tube sheet, and as a
result overpredicted the steady-state natural-circulation flow
rate for 00% primary-side mass inventory by about 25% and
overpredicted the SG inlet plenum temperature. With the ad-
dition of plenum heat transfer. the natural-circulation flow was
within 3% of the observed flow. The hot-leg-to-plenum tem-
perature drop and the fluid temperature distribution in the
primary tubes of the SG3 were in excellent agreement with
the data (see Fig. €). The results for test ST-NC-01 (5%
of scaled power) ware equally as good (Ref. 3). The TRAC
results indicate that reverse flow in the long tubes does not
fully sccount for the temperature drop from the hot leg to the
SG iniet plenum: part of this temperature drop is the result of
heat transfer across the plenum divider plate and tubesheet.

In test ST-NC-02. the transient consisted of a series of
drains of primary fluid through a levdown line at the bottom of
the pressure vessel; sach drain removed approximately 5% of
the original primary mass inventory. After each drain the sys-
tem was allowed to reach steady-state conditions. Although
the vaive in the pressurizer surge line wes closed during the
test, after the second drain thers were changes in the pressur-
izer lovel indicating that there was flow betwesn the presaurizer
and the loop-A cold leg through the spray line,

Initistly, the TRAC mode! simulated drainage of primary
fluid through the letdown line in the vesse! and flow into and
out of the pressurizer by msans of FILL componente and tab-
uler data for the flow rates. which matched the experimental
data. In this mode of simulation. TRAC was calculating both
the system pressure and the hydrodynainic response using the
axperimental date to estsblish tha flow boundary conditions.
Using this method. TRAC predicted a more rapid drop in cys-
tem pressure and & more rapid incresss in loop flow for sach
successive drain than was observed in the dets. TRAC also
predicted sn incresse of about 40% in SG heat transfer, steem
flow, and fes vater flow during the flest several érains. The
excugsive heat transfer to the secondeary side overcooled the
primary fluid and decreasod the primary-side pressure below
that of the data. Attempts tu decrease the heat transfer by
restricting the steam and fesdwater flow and increasing the
secundary-side pressure did not have & significant effect on
the increases in the SG heat transfer. After seveval drains, the
system pressure and loop flows calculated by TRAC differed
gosatly from that of the experiment. and no furtner calculstions
were made in this mode

Since the wive in the pressurizer surge line was closed
during the test. the observed changes in the pressurizer liquid
level indicated that there was flow in the spray line connecting
the loop-A cold lag to the pressurizer. To simulata this flow. a
PREAX componeni was added to the coid-leg spray line slong
with a pressure table that metched the test data. in this mode
ol simylation, TRAC was calculating the hydrodynamic re-
sponse of the system veing the experimental dats to establish
the fiow and pressure boundury conditions. It wes found that
the staom mess entering the system at the BREAK compo-
nent in the cold leg wee much grester then could be snpected
from the precewiver. it wes foit, however, that meintaining
the corract system pressure wes sssentisl in erder to predict

the hydrodynamic response of the system, and this simulation
mode was used for the TRAC calculation. The disadvantage
of this tachnique was that the steam mass, added to the sys-
tem through the BREAK component to maintain the correct
pressure. decreased the net mass removed from the primary
system during eac:, drain. particularly the first few drains. As
a result, after 14 drains only 55% of the primary-system mass
had been removed (see Table Il).
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Figure 7 is a plot of the loop mass flow as & function of
primary mess inventory comparing TRAC predictions with the
dats. The TRAC results show » mora rapid incresse in mass
fow as the primary mass inventory is reduced end resches o
peak value of 15.47 kg/s, which is sbout 50% greater than
the maximum loop flow obeerved in the test. The pesk flow
in the TRAC calculation and the dete occurrad at the same
primary mass inventory. The natursi-circuistion Row in the ex-
periment stopped st a primary maess inventory o about 63%:
TRAC predicted the loop flow to stop at » maess inventory
of sppronimately 55%. If thera ware zay air trapped in the
system it may have sccounted. in part, for the smelier loop
flow and enrlisr terminating of netursi-circulation flow. With
only six instrimented tubss, it is not possible to determite
if some of the noninstrumentad tubes were stagnant in the
test. Another possible explanstion for TRAC's overpredicting



the naturakcirculation flow is the steam flow into the primary
system through the BREAK component in the cold-leg spray
line. The steam addition required to maintain the proper sys-
tem pressure results in a temperature excursion in the cold leg.
which propagates throughout the primary system. In Fig. 8 it
can be seen that during the drain periods. TRAC predicts that
the liquid temperature in the upflow leg of SG A increases.
This effect was not seen in the data. The increased tem-
perature in the upflow leg leads to a greater pressure differ-
ence between the SG plena and a greater temperature differ-
ence between the primary and secondary fluid. The result i-
greater flow in the SG tubes and increased SG heat tran: ier.
This tends to decrease the primary-system pressure. w hich
requires additional steam flow into the primary at the col-leg
spray line. The TRAC inventory values represent the active or
primary-system mass.

The TRAC calculstion indicates that the natural-
circulation flow mode in the SG tubes changed from single-
phase to two-phase to reflux condensation. The cyclic fill and
dump mode seen briefly in the test as the tubes drained was
not predicted by TRAC. The flow in the SG U-tubes stopped
and the reflux condensation mode started when the tops of
the tubes compiately voided. TRAC predicted that the flow in
the short tube stopped at a primary mass inventory of about
81%. at which time reverse flow in the long tube changed to
flow in the forward direction. The Row stopped in the medium
tube at a primary mass inventory of approximately 69%. Loop
flow completely stopped at » primary mass inventory of about
55%. After this time liquid flowed down both legs of the U-
tube, indicating that reflux condensation had begun. Vapor
velocities indicated that the void region received steam from
both the upleg and the downlag of the SG. replacing the con-
densed vapor.

Both the dasta and TRAC results indicate that st » pri-
mary mass inventory of 90%. voids were detected in the hot
legs and in the lower part of the upflow legs of the SGs. Com-
plate condensation occurred in the lower part of the §G tubes,
in the test. voids resched the top of the U-tubes st » mass in-
ventory of 84%. TRAC predicted that the U-bend of the short
tubs was completely voided st this primary-side mass inven-
tory and flow in the short tube had stopped. Both TRAC and
the data indicate that reversed flow in the long tubes stoppad,
and normal flow started st & mass inventory of approximately
80%. The data indicate that at a mass inventory of 75%
the U-tube differential pressure bacame negative and all tubes
showed forward flow. At this mass inventory, TRAC predicted
that the short- and medium-length tube were voided st tho top
of the U-bend and only the long tube hed normal flow. In the
test the middie-length tubes are the first to void and enter the
reflux condensation mods at » mass inventory of sbout 70%.
TRAC predicted that the medium tube voided sfter the short
tube and began the reflux condnsation mode at a Mmess in-
ve..tory of about 75%. Reflux condensation cooling continued
until the mass inventey was reduced to approximately 33%:
the primary side of che SG tubes was filed with satursted
steam ot this time. The temperature of the SG tubes was
uniform and appronimately equal to that of the secondary-side
fluid.

As the primery mass inventory was decreased further, the
hot lags and primary side of the SGs complataly voided: most

Fig. 7.
Primary-inop flow rate as a function of primary mass inventory
test ST-NC-02,
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of the remaining mass inventory was contained in the loop
ssals and vessel. At & mass inventory of appraximately 30%.
TRAC predicted adequete core cooling. During the next drain,
the upper levels of the core began to uncover and heat up:
the mass inventory being about 27% st this time. This is



in moderate agresment with the experimental results cited in
Ref. 4,

CONCLUSIONS

A TRAC model of the LSTF. including » 3-tube SG model,
was used to analyze naturel-circulation test ST-NC02. TRAC
was able to predict the major phenomoena that occurred in the
steady state for 8 primary mass inventory of 100%. Reverse
flow in the long SG tubes was predicted. The calkulated tem-
perature distribution in the SG tubes and the tempaerature drop
from the hot leg to the SG inlet plenum was in excellent agree-
ment with the data. The naturalcirculation flow rate in the
loops wea predicted within 3% of that observed in the data.
Heat transfer across the plenum divider plate and the tube
shest was found to be significant in matching the loop flow
rate and hot-leg-t >-SG-plenum temperature drop in the test.
TRAC predictions inc:<ate that reverse flow in the SG tubes
does not fully account for the SG inlet-pleru.~ temperstuie
drop.

As the primary-system mass was reduces. ¥ RAC overpre-
dicted the pressure decrease and the loop flow . te. The addi-
tion of # BREAK component at the cold-leg spray kne permit-
ted the system pressure to be duplicated, but tiis sieas flow
into the cold lag was greater than could be expectad b 1use
of flow fromn the preassurizer. This resulted in temperaturs .
cursions, which propegated throughout the primary systwn
increasing the flow rate and hest transfer in the SGs. TRAC
predicted voiding and flow stoppage In the tubes at higher pri-
mary Tass inventoris than seen in the test and did not predict
the cydic fill and dump phenomenon. TRAC was able to pre-
dict the single-phase and two-phase natursk-circulstion modes
and the reflun-condensation phenomenon. TRAC predicted a
peak-loop mass flowr at the same mass inventory as the test
data but the maximum mass flow rate was overpredicted by
approxima‘ely 50%. The core is well cooled at this time. so
the overprediction of mass flow is not nonconservative.

Tha greater loop flow predicted by TRAC is partially the
result of the SG modeling and the grester SG heat transfer
calculated by TRAC. There are nine tube lengths in the facility
SGs, and the flow in any tube may be different than that in
any other tube. The choice of 3 tubes to model the 141 U-
tubes in the ROSA-IV SGs requires that the tube flow patterns
be characterized by 1 of 3 behaviors. and sach such behavior
Is assumned to occur in more than 40 tubes. The SG hest
transfor calculated by TRAC may be collapsing the voids too
rapidly. thus decressing the system pressurs snd increasing
the caiculated system flow. The experimental flow may have
besn low because of sit in the system. and the flow predicted
by TRAC was high because of the SG heat transfer.

The spperent flow reversal in the longest tubes of the
141-tube SG in the LSTF during the natursi-circulation tests
slso occurred in the 6-tube 3G in the Semiscele facility. It

but the sdditional losses causad by the flow pattern should be
added to predict the natursicirculation flow.

One of the most important resutts of this analysis is that
TRAC predicted the primary mass inventory at which inade-
quate core cooling occurs. When the primary mass inventory
is reduced below about 30%. the highest-power rods begin to
hest up.
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